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Abstract 
Multi-objective optimisation is applied to the simulation of an IGCC power station with solvent based CCS technology.  An 
Aspen Plus® model of the IGCC power station including CCS is interfaced with an Excel based genetic algorithm to optimise 
the process.  The process is optimised with respect to capital cost and energy efficiency for a range of operating conditions of the 
solvent plant.  This work is based on an air-blown gasification process consuming pre-dried lignite, it uses pinch analysis to 
design a HRSG for the IGCC power station with CCS to determine the power produced by the power station as well as 
estimating the additional capital costs due to the CCS equipment.  The genetic algorithm then determines a range of non-
dominated solutions by systematically adjusting the range of variables studied. Multiple-Objective Optimisation enables the 
decision makers to see a range of non-dominated options for multiple objectives.  This can help to identify an appropriate 
technology or an operating regime for an individual technology that best suits the projects multiple objectives. In this example 
the gas temperature into the solvent absorber should be around 130 °C, the regenerator pressure should be around 2 bara and the 
lean solvent loading between 0.37 and 0.42 to maximise the net power output.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Pre-combustion capture of CO2 from the syngas of integrated gasification and combined cycle (IGCC) power 
generation has the advantage of separating CO2 at higher partial pressures when compared to post-combustion 
capture from pulverised coal-fired power generation.  The higher partial pressure of CO2 will invariably make the 
separation of CO2 from syngas easier, but pre-combustion capture will still reduce the power production from the 
power station significantly. The reduction in efficiency of an IGCC power station with carbon capture and storage 
(CCS) is due to additional energy requirements associated with the capture process. These include the need to 
compress the CO2 for transport and storage, the energy to regenerate the solvent and potentially the need to remove 
water from the gas stream prior to the acid gas / CO2 separation.  There are a range of variables that can be adjusted 
that change the amount of CO2 captured, the capital cost of the equipment or the efficiency of the power station by 
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adjusting the amount of energy required to regenerate the solvent, the amount of power produced by the gas and 
steam turbines and the amount of power to compress the CO2. 
 
In addition to the capture variables there are many variables that can be altered with respect to the IGCC power 
station, also the gasifier may be either an entrained flow, fixed or fluidised bed. It may be air or oxygen blown and 
may be operated at a range of pressures. The coal may be fed dry or as a slurry, and the syngas can be cooled by 
quench or using a heat recovery boiler. With pre-combustion capture of CO2 the syngas will invariably need to 
undergo water-gas shift reaction (WGSR) to convert the CO to CO2. This can be performed with a sour shift reactor 
or the sulphur removed prior to a clean shift reactor. The pre-combustion capture of CO2 can occur with a variety of 
solvents including physical solvents such as Selexol™, Rectisol®, and Purisol® or Chemical solvents including 
carbonates and a variety of amines. The physical solvents generally have lower regeneration requirements but are 
water/heavy hydrocarbon soluble, whereas the chemical solvents generally have higher regeneration requirements, 
but enable the water to be balanced across the absorption column.   
 
Water plays an important role in many stages of the IGCC process; such as in the gasification process, the 
WGSR, the CO2 capture plant and the gas turbine (GT). The gasifier may require certain levels of water to be 
present in the coal and may also require a certain amount of steam to maintain the reaction. The water levels in the 
syngas will vary greatly depending on whether quench cooling or heat recovery is used. If clean WGSR is used, 
water may need to be reduced for the sulphur removal process. The WGSR itself will also require steam to minimise 
the amount of CO in the outlet of the reactor. The water may then need to be removed for, or as part of, the CO2 
absorption process, especially if a physical solvent is used. The amount of water in the clean gas that is sent to the 
GT will influence the amount of power generated in the turbine, as water content is increased the power output from 
the GT will increase, however the level of water in the GT will be limited by the turbine metallurgy.   
 
A difficulty in the front-end stages of a project is to compare the wide range of options that will exist for each 
project especially when improvements in one objective, for example an increase in the power station efficiency may 
lead to a weakening of another objective, for example an increase in the capital costs. For IGCC with CCS this 
effect is compounded as changes that improve the power generated by the GT may increase the amount of energy 
required to regenerate the solvent which may reduce the power generated by the steam turbine (ST). Therefore each 
variable in the process may have many opposing impacts on both the amount of power generated from the power 
station and the cost to build and run the power station.   
1. Use Genetic Algorithm to determine 
IGCC/CCS operating conditions
4. Use Heat integration to 
determine Steam Circuit to 
maximise ST Power
Figure 1   Flowchart to optimise the IGCC combined with CCS with respect to maximising power generation and minimising capital costs 
In this paper the impact of some of the important CCS operating and design variables on the power produced by 
the IGCC plant and the capital cost to purchase the equipment for the IGCC will be reviewed for a specific IGCC 
plant. In particular, variables that impact the water balance in the process will be used so that the importance of 
water content on net power output can be assessed. The impact of cooling utilities on the water balance of the 
process is not included in the paper. The IGCC plant has been simulated with pre-combustion capture of CO2. The 
power generated by the GT is calculated and heat integration (pinch analysis) combined with linear programming is 
used to determine the maximum amount of power that can be generated in the ST. Multiple-Objective Optimisation 
(MOO) is then used to find non-dominated solutions that maximise the amount of power generated from the power 
station at the minimum capital costs. Dominated solutions are the solutions that have higher capital costs for the 
same or lower net power production as another solution; the non-dominated solutions are the solutions that are not 
dominated by any other solution. By looking at the values of the variables in the non-dominated solution set, the 
5. Calculate net power output 
and capital costs 
3. Extract Data 
& Heat Curves 
2. Simulate 
Process 
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values that maximise the power at minimal capital costs can be determined. The flowchart for the optimisation is 
shown in Figure 1. 
2. Background to Case Study 
This paper uses the IEA report 2006/1 [1] on CO2 capture in low rank coal power plants as a basis for the 
optimisation in particular Case 7 which uses a Foster Wheeler gasifier that is a fluidised bed type of gasifier 
operating at low pressure (36.5bar) using air as the partial oxidising agent. The syngas cooling is the heat recovery 
type with double stage sour shift. Where the IEA report [1] used Amine Guard FS process for CO2 removal this 
paper uses potassium carbonate. A diagram of the process is included in Figure 2. 
Figure 2   Simplified diagram of the Foster Wheeler IGCC process combined with capture of CO2 using potassium carbonate 
A simulation has been developed in Aspen Plus® including the coal pre-drying, the gas from the outlet of the 
gasifier through the wet scrubber, WGSR, solvent absorption, GT and HRSG. The solvent regeneration and CO2 
compression is modelled in the same simulation. The steam cycle is modelled in an Excel based program. The steam 
cycle consists of four possible steam levels that includes the ST condenser level and one level of reheat (Figure 3). 
The steam pressures for the steam levels are the same as that in the IEA report [1], except that the report uses a 
further four steam levels.  
Figure 3   Steam cycle used in this paper Figure 4   Grand Composite Curve (solid) and Steam Curve (dotted) 
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The steam generated/used at each steam level is calculated using linear programming to maximise the power in 
the ST. T his approach has been used in [2, 3] for retrofit of post-combustion capture. Pinch analysis is used to 
generate a grand composite curve (Figure 4) which shows the amount of available heat in the process taking into 
account the heat that is required for the air and water heating in the pre-drier, generating steam for the gasifier and 
WGSR using condensate from the water removed upstream of the CO2 absorption, the regenerator reboiler, the 
WGSR pre-heater, the turbine pre-heater and the air heater, and the heat that is available in the syngas cooler, the 
turbine exhaust gas, the air compressor intercooler, regenerator condenser, solvent cooler, the compressor 
intercoolers and the WGSR coolers. 
 
The capital costs are estimated for the major equipment items using cost functions provided in Table 1 so the 
impact of the variables on the costs can be estimated. The heat exchanger area is estimated from the composite 
curves by summing the area required in each enthalpy interval [4] of the composite curves.  
Table 1   Direct Cost / Cost Functions 
Equipment Item Base Year Base Currency Purchase Costs / Equations  
(in base year /currency) [in $A]  
Coal Handling, Storage and Milling1 2006 € 53 [101] 
Coal Drying2 2006 € 9 [16] 
Gasification2 2006 € 131 [251] 
Syngas Treatment & Conditioning2 2006 € 24 [45] 
Offsites & Utilities2 2006 € 110 [210] 
Heat Exchangers [5] 2006 $US 4223N(A/N)0.7948 
Gas Turbine [5] 2006 $US 0.610^(4.78+0.325logP+0.0385logP2) 
Steam Turbine [5] 2006 $US 0.610^(1.94+1.455logP-0.0884logP2) 
CO2 Compressor [6] 2002 $US 873P0.938 
Air Compressor3  2006 € 16.6(P/106320)0.7 
Pumps [6]   If >200: 713Q 
If <200:  
32 )log(62.0)log(37.2)log(26.35.210 
Separation Vessels / Absorber / 
Regenerator [6] 
2002 $US 73(0.091+p0.849+0.83)W0.66 
Note 1 Values taken from IEA Report.  Note 2  Values taken as 90% of the values given in the IEA report; the cost of heat exchangers was 
assumed to be 10% of the purchased costs of the equipment in the area.  Note 3 Cost of air compressor prorated from IEA report using power 
with an index of 0.7.   A = Heat Exchanger Area (m2), N = Number of streams, P = Power (kW), = Capacity Factor (m3.kPa/s), p = Pressure 
(Bara), W = Vessel Weight (kg).   
The IGCC power station with CCS is optimised with respect to maximising the net power produced from the 
power station whilst minimising the direct capital costs. The optimisation allowed the following variables to be 
adjusted within the bounds provided; 
 Solvent lean loading:    0.1 - 0.415 
 Stripper Pressure:    0.5 bar - 8.25 bar 
 Solvent Temperature:    40 - 134.5 °C 
 Absorber Feed Gas Temperature:  40 – 134.5 °C 
 Absorber Packing Height:   10 - 47.5 m     
 Stripper Packing Height:  10 - 47.5 m 
 Tmin:    6 – 36 °C 
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3. Results
3.1. Optimisation Results 
Tmin is the minimum temperature difference at the ends of any heat exchanger device. It is an important variable 
as it controls the amount of heat that can be recovered between two process streams. As Tmin decreases the amount 
of heat that can be recovered increases, but the heat exchanger area required to transfer this heat also increases, 
which results in increases to the heat exchanger network costs. There is generally an economic trade-off between the 
amount of heat recovered and the capital costs of a project. Two optimisation cases were completed; one case with 
the Tmin between heat exchangers was set at 20°C and one case where the Tmin was not fixed.  
 
The Pareto chart, which shows non-dominated solutions to the optimisation problem, is given in Figure 5, from 
which the following observations can be made; 
 The Tmin for the heat integration studies is very important. The solutions for the variable Tmin are always lower 
than that for a fixed Tmin, meaning that for the same amount of power the solutions where the Tmin could vary, 
the solutions had a lower capital cost than those with Tmin equal to 20°C.  
 For low power/low capital cost solutions the Tmin tends to be as high as possible, with virtually all solutions at 
or near the upper bound of the variable (36°C). However, for the solutions that generate more power 
(>760 MWe) the optimum Tmin is gradually reduced. 
 There is a large difference in the net power generated for the power station ranging from around 420 MWe to 
840 MWe and the difference in capital costs for these cases varies by much less. The capital cost increases by 
only 26 % to double the net power output. 
 The net power produced by the process, appears at the screening stage to allow more power to be generated than 
that suggested by the IEA report [1] of 686 MW.  
 The purchased costs for the equipment is lower than the A$1221M provided in the IEA report ( €637M (2006)). 
This paper is not intended to compare process designs and cost estimates with the IEA report as the cost 
estimation methodology in this report is used as a screening tool rather than a rigorous evaluation. There are also 
no direct costs included for items such as piping and instrumentation. 
As the case where Tmin was allowed to vary obtained significantly better results, this will be the case that is carried 
forward in this paper. 
Figure 5   Comparison of the Pareto chart showing the non-dominated 
solutions for maximising the power generation and minimising the 
capital costs with a fixed Tmin of 20 °C () compared to a variable 
Tmin (). Includes Tmin for the non-dominated solutions (-). 
Figure 6   Variation in the Power produced by the Gas Turbine () and 
the Steam Turbine () for the optimised solutions 
500
510
520
530
540
550
560
570
580
590
600
400 450 500 550 600 650 700 750 800 850
Net Power (MWe)
G
a
s
 T
u
rb
in
e
 P
o
w
e
r 
(M
W
e
)
0
50
100
150
200
250
300
350
400
450
500
S
te
a
m
 T
u
rb
in
e
 P
o
w
e
r 
(M
W
e
)
800
850
900
950
1000
1050
1100
1150
400 450 500 550 600 650 700 750 800 850
Net Power (MW)
C
a
p
it
a
l 
C
o
st
 (
$
M
)
0
5
10
15
20
25
30
35
40

T
m
in
 (
°C
)
3.2. Variables Impacting the Net Power Generation 
The power is produced by both the ST and the GT. Figure 6 shows the variation of these two parameters for the 
optimised solutions. The figure shows that for the optimised solutions, there is a much greater impact on the amount 
of power generated by the ST compared to the GT. The GT varies by only 25 MWe whereas the ST can produce 
between 0 and 460 MWe. The ST for the IEA report [1] produces 320 MWe.    
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There is a strong correlation between the reboiler energy and the net power as shown in Figure 7(A). As the net 
power increases, the reboiler energy drops constantly until the net power is 700 MWe where the reboiler energy 
plateaus. Therefore getting the operating conditions for the CO2 capture plant optimised is paramount to maximise 
the net power produced. The regenerator pressure and solvent loading will have a large impact on the reboiler 
energy as shown in Figure 7(B). For potassium carbonate, lower pressures generally lead to lower heats of 
regeneration. For this IGCC arrangement, given the trade off between the compressor power and the power 
generated from the ST, it is apparent that in order to maximise the net power, the regenerator pressure should be 
around 2 bara. When the net power is low, optimised solution tend to have higher regenerator pressure of between 7-
8 bara. As this region is characterised by low power from the steam turbine, the solutions tend to minimise costs by 
minimising the cost of both the CO2 compressor and the steam turbine.  
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Figure 7   (A) The reboiler energy () and (B) The regenerator pressure () and solvent lean loading () for the optimised solutions. 
The temperature of the regenerator reboiler is around 120 °C and 175 °C for regenerator pressures of 2 bara and 
7.5 bara respectively. Despite the steam from the available extraction points condensing at 244 °C and 162 °C, the 
regenerator pressure has not been optimised to pressures that lead to reboiler temperatures that are operating at Tmin 
below steam temperatures. It is possible to either adjust the steam cycle and re-perform the optimisation or add the 
steam cycle conditions to the list of variables to be optimised. This has not been performed for this paper but could 
lead to further improvements in the amount of power generated from the power station.    
3.3. Variables Impacting the Capital Costs 
The capital cost of much of the power station is fixed, and therefore it does not change appreciably for this 
optimisation due to the choice of variables (GT, air compressor) or the capital cost for the equipment item is minor 
(<$20M) in the overall context (absorber, regenerator, separation vessels, pumps). The main equipment items that 
influence the capital cost are the ST, the CO2 compressor and the heat exchanger network; these costs for the 
optimised solutions are shown in Figure 8. The ST cost is parabolic due to the linear increase in power generated by 
the ST (Figure 6) and the cost function used to estimate the capital cost. The CO2 compressor costs around $37M for 
the cases with high regenerator pressure and increases to around $60M for the cases with lower regenerator pressure. 
The heat exchanger network shows the largest impact on the capital costs varying from around $90M to $240M. 
Between 550 MWe and 760 MWe the total costs increase by about $45M; this is made up of a modest increase in 
the heat exchanger network of $8M, whilst the ST and CO2 compressor increase by $12M and $25M respectively. 
As the net power produced increases above 760 MWe the biggest impact in the costs is clearly the heat exchanger 
network, as the area increases due to the reduction in the Tmin.  
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Figure 8   Capital cost variation for the CO2 compressor (), the Steam turbine () and the Heat Exchangers() 
3.4. Impact on Water Balance on the Net Power Output 
The impact of the water content on the overall power is shown in Figure 9. Although there is a clear correlation 
between the water content and the power produced by the GT, the impact of water is minor on the net power as 
shown by the lack of correlation between the two. However, the impact of operating variables on the water balance 
of the process is significant. The potassium carbonate process can be operated so that water is balanced, lost or 
gained over the absorber. A loss of water from the solvent into the gas stream will increase the GT power, but 
increase the make-up water demands, while a gain of water into the solvent will require higher reboiler energy to 
maintain solvent strength and a higher condenser duty.  
 
The optimised gas and solvent temperatures are shown in Figure 10. The gas temperatures are tending to the 
upper bounds of the variable (134.5 °C), whilst the solvent temperature appears to have little impact on the overall 
results as shown by the lack of a correlation. Increasing the gas temperatures reduces the heat exchange required 
upstream and downstream of the absorber (and therefore costs) and increases the temperature of the rich solvent 
which has the positive effect of increasing the temperature of the solvent fed to the regenerator but also reduces the 
solubility of CO2 in the solvent. The optimised solutions suggest that the benefits of higher gas temperatures 
outweigh the negatives. In all cases the gas temperature is greater than the solvent temperature, which means that 
water will be drawn from the gas stream into the solvent. To maintain solvent strength this water will need to be 
removed in the solvent condenser.   
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Figure 9   GT Power () and Net Power () versus water content in the gas 
stream leaving the absorber. 
Figure 10   Gas () and Solvent () temperature for the optimised 
cases over the range of net power.  
Water is required in the gasifier (9 kg/s), the WGSR (63 kg/s) and as make-up for the wet scrubber (35 kg/s), this 
water can come from the water that drops out of the CO2 compressors (~5 kg/s) and the water that drops out 
upstream of the absorber (44-80 kg/s) and the excess water in the regenerator condenser (0-30 kg/s). The maximum 
amount of the latter two sources of water combined will be approximately 80 kg/s. Therefore, it is clear that the 
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process requires around 107 kg/s of water and only produces around 85 kg/s. Water could be sourced from the 
vented fluidised air from the pre-drier (66 kg/s) or from the exhaust of the HRSG by cooling these gas streams 
below their dew point. The pinch analysis suggests that all hot streams need to be cooled to around 100 °C to 
maximise the power output from the ST, however streams that require cooling below 100 °C would require cooling 
utilities. Less cooling is required to recover water from pre-drier air compared to the HRSG exhaust, however the 
amount of water recovered for this gas stream would be approximately equal to the amount of water required as 
cooling water make-up if cooling water is used as the cooling utility. Therefore, recovering water from the exhaust 
gas streams would only be worthwhile if dry cooling is used.   
4. Conclusion 
MOO can be useful as a screening tool to determine parameters that will maximise power production at the 
minimum additional capital cost. A range of options are available to the designer that maximise the net power 
production at a given capital cost. The designer can then select which of these parameters to fix and which may be 
varied as part of a more detailed study. 
 
The net power output of the IGCC process with CCS is affected by the operating variables of the carbon capture 
plant. Increasing the water into the GT is not the most important parameter to maximise the power output; ensuring 
that the CO2 capture plant operating variables are optimised to minimise the reboiler energy is more important. A 
regenerator pressure of around 2 bar, a lean solvent loading of between 0.37 and 0.42 and a heat exchanger network 
with small Tmin will maximise the simulated IGCC power station. To maintain a neutral water balance for the 
process either the air from the coal pre-drier or the HRSG exhaust would need to be cooled below the dew point.   
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